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ABSTRACT 
A closed circulating system, employing the use of a throttling valve, 
was used to measure Joule-Thomson effects in nitrogen, and two binary 
mixtures of nitrogen and trifluoromethane. Potential sources of error 
such as heat leak and kinetic enerey effects were previously eliminated. 
The apparatus was checked for reproducibility with nitrogen over a 
temperature range from 297°K to 218°K and a pressure range from 2400 
to 100 psia. Zero pressure Joule-Thomson coefficients were obtained 
by extrapolation of the data. The average value of the Joule-Thomson 
coefficients was within 1. 5% of recent literature values. 
Measurements were made on two binary mixtures of nitrogen and trifluoro-
methane over a temperature range from 323°K to 231°K and a pressure range 
from 1200 psia to 100 psia. The compositions of these mixtures were 
32.9 and 66.5 percent nitrogen respectively. Tne Martin-Hou equation 
of state was employed to calculate Joule-Thomson ~oefficients for 
comparison with experimental values. Zero pressure heat capacities of 
nitrogen and trifluoromethane were obtained from polynomial equations of 
Goff and Gratch and from Martin and Hou respectively. Mixing rules for 
interaction constants initially suggested by Balaban resulted in good 
agreement between predicted and experimental Joule-Thomson coefficients. 
l 
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INTRODUCTION 
Previous studies of the thermodynamic properties of pure substances has 
resulted in a large amount of reliable literature data. For gases these 
data are present primarily in the form of heat capacities, compressibilities, 
vapor-liquid equilibria, and Joule-Thomson coefficients. However, the 
chemical industry does not offer may uses for the properties of pure 
gases. It is necessary to know thermodynamic properties of gas mixtures 
for economic designs of thermal equipment. In most instances the lack of 
• 
reliable data forces one to predict the required values. This results 
in the inherent question of whether the behavior of a gas mixture can be 
accurately predicted from the behavior of the pure components. Various 
methods have been devised in predicting the properties of gas mixtures. 
Most of these techniques assume that the equation of state which describes 
the pure component gases also fits the gas mixture accurately. Constants 
for the gas mixtures are obtained by combining the arbitrary constants 
of the pure components in various manners. The final objective is to 
obtain a combined set of constants which best describes the properties 
of mixtures. This problem becomes one of great complexity when the 
interactions of different molecular species are considered. A criterium 
then of an acceptable mixing rule is that it accurately describes the 
interactions of such molecular species. 
In view of this discussion, the objectives of this research project are 
two-fold: 
2 
1. To develop a set of reliable data with which current and future theories 
for predicting the properties of mixtures can be checked. 
2. To increase knowledge concerning the interaction between different 
molecular .species. 
Previous investigations concerning the trifluoromethane-nitrogen system 
have been performed; results are recorded in the form of heat capacity 
and vapor-liquid equilibrium data. Since each investigator reported a 
different set of mixing rules for the Martin-Hou equation of state which· 
best described this system, it was decided to obtain Joule-Thomson 
coefficients as a means of verifying these correlations. Two mixtures 
were studied: one containing 32.9 per cent nitrogen in trifluoromethane, 
the other containing 66.5 per cent nitrogen in trifluoromethane. The 
experimental procedure consisted of measuring the intensive properties 
of temperature and pressure to obtain integral Joule-Thomson effects. 
Differentiation of the isenthalpic temperature-pressure curves resulted 
in the more useful Joule-Thomson coefficients. Comparisons were then 
made between these experimental coefficients and computed Joule-Thomson 
coefficients as obtained from the Martin-Hou equation of state. 
3 
HISTORICAL BACKGROUND 
Experimental measurements of integral Joule-Thomson effects were initiated 
by Joule and Thomson in the mid-19th Century. Previous investigators have 
used three types of throttling devices: (1) a porous plug, (2) a valve 
immersed in insulation, and (3) a valve whose upstream and downstream 
sides were maintained at the same temperature. The major problems which 
plagued these early investigators were: 
(1) An elimination of kinetic energy effects associated with expansion 
through the throttling device. 
(2) An elimination of h·eat conduction from the hot side to the cold side 
of the throttling device. 
(3) An accurate differentiation of isenthalpic temperature-pressure 
curves to obtain the Joule-Thomson coefficient. 
Roxton, Brazinsky, and Stockett have summarized in detail the experimental 
results of previous investigators. Their summaries indicate that porous 
plugs were primarily employed in the determination of Joule-Thomson 
coefficients. It was suggested that the lack of interest in a valve as a 
throttling device was due to the unavailability of suitable materials of 
construction. The basic problem then was to develop a material of high 
tensile strength and low thermal conductivity. Johnston made significant 
progress in this area by building a valve of monel. The development of 
' 
this valve was a significant acheivement in the experimental determination 
4 
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of Joule-Thomson coefficients because of its versatility and convenience in 
use. The valve used in this investigation is a modification of Johnston's 
valve, contributions of its development being made by Brazinsky, Ahlert, 
Stockett, and Sabnis. 
The problem concerning the differention of experimental data has also been 
largely overcome by the advent of the digital computer. Polynomial curve 
fit programs are now readily available for application with experimental 
data. Differentiation of these curves yields the Joule-Thomson coefficients 
directly. 
' 
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EXPERIMENTAL APPARATUS 
The apparatus used in this investigation is shown in Figure I. It is a closed 
circulating system employing the use of an isenthalpic expansion valve to 
provide measurements of integral Joule-Thomson effects for gases. 
The sample gas was initially stored in a 2 ~3 reservoir that is connected 
to the system. It was fed to the Corblin diaphragm compressor where it was 
compressed in two stages. The maximwn discharge pressure of this unit 
is 3600 psi. The high pressure gas then passed through an alwnina drier 
into a countercurrent heat exchanger. Here it was cooled in a cryostat 
bath to within 1°C of the bath temperature. This cryostat bath, which was 
contained in a stainless steel Dewar of two gallon capacity, consisted of 
one of three fluids: (1) water, (2) an ice-water solution, or (3) a 
mixture of hydrocarbons. The bath temperature was controlled by a Bayley 
precision controller to within! O.Ol°C. Cooling of the bath, if necessary, 
was accomplished by liquid nitrogen evaporation. 
The gas was then transferred to the Joule-Thomson valve through an insulated 
line. The Joule-Thomson valve is shown in Figure II. It initially was 
built by Brazinsky who incorporated and modified the original design of 
Johnston. Further modifications of the valve were made by Stockett, Ahlert 
and Sabnis. Detailed explanations of the valve are given by Brazinsky, 
Stockett, and Ahlert. Basically, however, it was designed to minimize the 
principle errors of heat leak from the hot side to the cold side of the valve 
by conduction and the kinetic energy effects associated with expans~on. 
Upon expansion through the valve the gas returned through the heat exchanger, 
6 
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passed through a series of regulating valves and a flow meter, and returned 
to the compressor in a cyclic manner. 
Pressures were measured with 18-inch diameter Heise gauges. Temperatures 
were obtained with calibrated 30 gauge copper-constantan thermocouples, 
using a Leeds and Northrup K-3 potentiometer to obtain microvolt measurements. 
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PROCEDURE 
Before experimentation, it was necessary to rid the system of contaminant 
gases and to fill it with pure experimental gas. This process was begun 
by first vacuuming the system to approximately 5 mmHg; experimental gas 
was then introduced into the system to a pressure of 10 psig. After this 
procedure was repeated three times, the system was filled with gas to a 
pressure of 200 psig. This usually was enough gas to increase the upstream 
pressure to the desired level. 
Preliminary measures to start-up of the compressor included: 
(1) Filling the constant temperature bath with the desired fluid. 
(2) 
For temperatures above 0°C water was used. For upstream temperatures 
at 0°C ice-water was used. For upstream temperatures below 0°C a 
solution of 60% methylene chloride, 27% chloroform, and 13% carbon 
tetrachloride comprised the bath fluid. 
Providing an ice-water bath for the reference thermocouple,· and 
standardizing and balancing the potentiometer. 
(3) Checking the oil level of the compressor, and turning on its cooling 
water. 
Before starting the compressor to establish pressure within the system, 
the inlet pressure to the compressor was regulated to 10 psig. This 
measure provides for easy start-up of the compressor and it prolongs the 
life of the diaphragms. Immediately upon starting the compressor the 
10 
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inlet valve to the compressor was cracked in order to maintain a constant 
inlet pressure of 10 psig. While the system pressure was increasing to 
the desired level, steps were taken to obtain the desired bath temperature. 
At temperatures above room temperature this was accomplished by turning 
on the bath heater until the desired temperature was approached. At 
this point the temperature controller was turned on to maintain a constant 
bath temperature. At temperatures below o0 c it was necessary to cool 
the bath with liquid nitrogen stored in 15-liter containers. A moderate 
flow of liquid nitrogen was begun until the batl1 temperature was cooled 
to the desired level. Then the temperature controller was turned on 
and adjusted, and the liquid nitrogen flow rate was reduced so that the 
ter:iperature could be maintained by a minimum flow of nitrogen. 
When the system pressure reached the desired value, gas flow into the 
system was terminated. The necessary valves were immediately opened to 
permit the gas to cycle throughout the system. The gas was allowed to 
circulate with the Joule-Thollison valve in the open position for approx-
imately one hour. This valve was then partially closed to reduce the 
pressure downstream of the valve to obtain the initial point of an isenthalp. 
For pure nitrogen this reduction in pressure was 400 psia; for the tri-
fluoromethane-nitrogen mixtures it was 100 psia. The gas was then allowed 
to circulate for an additional two to three hours, which was the time 
necessari; for equilibrium to be established. When the necessary temperature 
and pressure measurements were made of this point at equilibrium, the 
pressure downstream of the Joule-Thomson valve was further reduced by an 
increment equal to that at the first reduction. By maintaining constant 
11 
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conditions of temperature and pressure upstream of the Joule-Thomson 
valve and by reducing the downstream pressure to a series of valves, 
one may define an isenthalp. For this research project nine to twelve 
points were established for each isenthalp, equilibrium for each point 
being obtained.within one-half to three-quarter hour. 
A~er measurements of the final isenthalpic point were made, the system 
was shut down. The initial step of this process was to open the Joule-
Thomson valve and equalize the pressure upstream and downstream of it, 
Care must be taken during this step to control the inlet pressure to the· 
compressor to 10 psig. Gas from the system was then bled into the reservoir 
until a pressure of approximately 500 psia was reached. The flow of inlet 
gas to the compressor was then stopped and the compressor was immediately 
turned off. After "cracking'1 the inlet valve to the compressor to insure 
a positive pressure, the remainder of the system gas was transferred 
to the reservoir for storage. Then the bath heater, temperature controller, 
bath stirrer, liquid nitrogen flow, compressor cooling water, and potentiometer 
were turned off, If the bath fluid was the above organic solution, it 
was siphoned from the bath and stored for future use. The apparatus was 
now secured. 
12 
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THERMODYNAMIC BACKGROUND 
The first law of thermodynamics for a steady-state flow process may be 
expressed in mathematical form by the following equation: 
where: 
.6H = Enthalpy difference across the Joule-Thomson valve. 
U = Gas flow rate. 
D..Z = Difference in height above some reference level. 
gc = Conversion factor. 
g = Acceleration of gravity. 
Q = Heat transferred from the surroundings to the system. 
W = Work done on the surroundings by the system. 
t-. 
Taking the Joule-Thomson valve as the system it is apparent that no work 
is done on the surroundings. Hence W = O. The difference in height 
across the valve is negligible. Therefore, 6.Z is approximately zero. 
The basic design of the Joule-Thomson valve was to eliminate the major 
sources of error of heat leak across the valve and kinetic energy effects. 
Assuming these errors to be effectively eliminated, the above energy 
equation reduces to the form .6.H = 0. Having met this criteria of constant 
enthalpy, one may then accurately determine the Joule-Thomson coefficient 
of a gas. 
13 
Thus one sees that the Joule-Thomson coefficient may be defined as the 
ratio of a differential change in temperature to a differential change 
in pressure at constant enthalpy. Experimentally, one actually measures 
a Joule-Thomson effect. This is a finite rather than a differential 
change in the above properties of temperature and pressure;' 
Thermodynamic properties of gases may be obtained from an equation of 
state, P = f(V,T). In particular the Joule-Thomson coefficient may be 
calculated from such an equation of state and knowledge of the zero-
pressure heat capacity of a gas, C0 p. It should be noted that in order 
to accurately calculate the Joule-Thomson coefficients of gas mixtures, 
an extremely accurate representation of the P-V-T data is required since 
it is necessary to differentiate the data. It would be advantageous to 
determine a method of expressing the behavior of a gas mixture in terms 
of its pure components. If each pure component of a mixture follows 
an equation of state, it only seems logical that any mixture of these 
components would similarily follow that equation of state. It is also 
apparent that as systems of gases become more complex, so do the equations 
of state which accurately describe them. 
Kinetic theory leads to mixing rules of the following form to predict the 
constants of a mixture: 
K°mix 
14 
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There is, however, no theoretical method of determining the interaction 
coefficient, K12· Some of the more common methods of obtaining this 
coefficient are: 
(1) Linear Averaging: 
(2) Geometric Combination: K12 = (K ,, )1/2 F'-2 
( 3) Lorentz Co:nbination: K:;_2 = (v 1/3 •'-1 + K//3) 3 
8 
Tte final choice for deterr:1ination of the iuteraction coefficient is 
sinply a natter of deter:dnin1; which rule predicts the data most 
accurately. 
As stated, complex equations of state are nec~ssary to acc~rately describe 
complex systems of gases. One such equation is a se~i-emperical equation 
of state derived by Martin and Hou. It is a pressure e:;qilicit expressior ..
of the following.form: 
p - RT + E.z.LTJ 
-v-b (V-b)2 
"'3(T) + -.. -(V-b )j 
+ ?h(T) + Fs(T) 
fv.-TIT (V-b)5 
where the temperature dependent function is expressed by the following 
relation: 
15 
KT 
T C 
·1: 
., 
·., 
·.,. 
where: 
R = Universal gas constant 
Ai, Bi, Ci, K, b = Constant coefficients for each pure component 
Tc= Critical temperature 
Martin and Hou .force their equation to fit the following criteria, which 
had the effect of making the functions Fi(T) dependent on each other: 
( 1) PV = RT as P ~ 0 
(2) (:) = 0 
T 
at the critical point 
(
d2P\ ( 3 ) d v'l.) T = 0 at the critical point 
( 4) (d3P \ ~ O at the critical point 
dV3) T 
(5) (?4P) ~ 0 at the critical point 
\dV4 T 
(7) ( ( dZ ) ) = O at the Boyle point 
d.PR TR PR 
( d2P) (8) dT2 V = 0 at V = Ve 
( 9) . ( dP) = M = _MPc at V = V c 
dT V Tc 
(a2p) (10) dT2 V = 0 at V = Y.s:_ N 
-----------·----.. -·-
,. 
',\ 
[ .. 
r· 
By use of the foregoing ten equations plus the PVT relation at the critical 
point determination of an equation of state with ten arbitrary constants 
was obtained. 
The ~inal forms of the Martin-Hou equation of state which may be used in 
the determination of Joule-Thomson coefficients of a gaseous system are 
shown in Table I. Their derivation is shown in Appendix (E). The heat 
capacity of a gas, as obtained from the zero-pressure heat capacity, is 
defined by the following equation: 
' 
C p 
T(!~f 
= co - R - V 
p (~)T 
·-····-
_ T{ (~:~) dV 
V V 
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TABLE I 
MARTIN-HOU EQUATION OF STATE 
· -KT 
'A +BT+ C Tc 5 5 5e 
(V-b) 5 
+ 
KC. -KT 2 -KT 
T [ ~ B. l. Tc J K2 C Tc - T e l. T 2 .e ( V-b) i 
-Ti= l. C co - R + i = 1 C = 
.... 
p p [}=i~Ai -KT J (1 - i)(V-b) 1 - i 0:, + B.T + C. e Tc) l. = 2 l. l. (V-b)i + 1 
KC. -KT 
B. l. T 5 - ~ e C RT l. T 
~2 
C 
-+ (V-b)i 1cP = V-b - V -KT 
5 i(A. + B.T + C.e Tc) RT +h l. l. l. (V-b) 2 = 2 (V~b)i + 1 
J 
' 
i 
,' 
:-1 
:l 
1 
'~ 
: 
,, ] 
i; .. 
c'i 
·? 
Al 
Bl 
cl 
A2 
B2 
c2 
A3 
B3 
c3 
A4 
B4 
C4 
A5 
B5 
c5 
b 
k 
/T 
C 
TABLE II 
CONSTANTS FOR NITROGEN AND TRIFLUOROMETHANE 
THE MARTIN-HOU EQUATION 
Pnits: psia, rt3, lb-moles, degree Rankine 
Gas Constant: 10.732 psia rt3/lb-mole 0 R 
Nitrogen Trifluoromethane 
0 0 
10.732 10.732 
0 0 
- 5.768178 X 103 - 2.45927 X 10 
4 
5.941513 15. 22398 
- 9.701869 X 10 4 - 6.41631 X 10
5 
4.63752 X 103 3.35807 X 10
4 
- 1.703510 -13.06625 
6 
1.259505 1. 21306 X 10 . 
- 2 • 372146 X 103 - 2.63094 X 10 
4 
0 0 
0 0 
5.089183 X 102 0 
2.633638 X 10-l 1,87223 X 101 
- 2,274060 X 10 4 • 3,07114 X 105 
0.336393 o.405495 
.,/ 
/ // 
5.475 5.475 
227.27 538.33 
19 
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RESULTS AND DISCUSSION 
The objectives of this research project were twofold: 
(1) To develop a set of reliable data with which current and future 
theories for predicting the properties of mixtures can be checked. 
( 2) To increase knowledge concerning the interaction between different 
molecular species. 
irwo isenthalps of pure nitrogen were initially obtained. The results 
of these measurements are shown in Figures III and IV. The upstream 
temperatures of these isenthalps were 297.04°K and 255.38°K; pressures 
ranged from 2400 to 100 psia. The purpose of this pure nitrogen data 
was to evaluate the performance of the e~uipment and to insure correct 
operating procedures by the experimenter. Results of these runs are 
listed and compared with the data of Ahlert and Din in Tables IV and v. 
The agreement among these existing data is excellent. This indicates 
that the basic problems of heat leak and kinetic energy effects have 
been overcome and that the data is reproducible. 
Experimental pressure-temperature measurements of nitrogen do not directly 
determine Joule-Thomson coefficients. It is necessary to fit the 
experimental data to a polynomial curve fit program of the following form: 
20 
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Polynomials of degree three were used to fit each nitrogen isenthalp. 
This was accomplished in reduced units by using the following critical 
properties of nitrogen: 
P = 33.54 atm 
C 
T = 227.27°R 
C 
The coefficients and variances of each nitrogen isenthalp are listed 
and compared with those of Ahlert and Din in Table VI. Differentiation 
of the above expression yields the Joule-Thomson coefficient: 
( dT) 1R = dP H 
From this expression it is seen that the coefficient "b" is the zero-
pressure Joule-Thomson coefficient in reduced units of temperature a~d 
pressure. 
Two mixtures of nitrogen and trifluoronethane were studied. Analysis of 
these mixtures using gas chromatographic techniQues revealed the compositions 
of these mixtures to be 32.9 and 66.5 percent nitrogen. Isenthalps of the 
32.9 percent nitrogen mixture were obtained at temperatures of 50.0°c, 
40,5°c, and 26.0°c. Pressures ranged from 200 to 300 psia. The experimental 
temperature-pressure measurements and the corresponding Joule-Thomson 
coefficients are shown in Table VII. The isenthalps are shown graphically 
in Figures V, VI, and VII. Isenthalps of the 66.5 percent nitrogen mixture 
were obtained at 51.0°c, 40,5°C, 26.0°C, and 0°C. Pressures ranged from 
1200 to 100 psia, The experimental temperature-pressure measurements 
• 
and the corresponding Joule-Thomson coefficients for this mixture are shown 
21 
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in Table VIII. The isenthalps are illustrated graphically in Figures VIII, 
IX, X, and XI. As with pure nitrogen, the Joule-Thomson coefficients of 
these mixtures were obtained by fitting the experimental temperature-
pressure data to a polynomial expression. In all cases except the 40.0°C 
isenthalp of the 32.9 percent nitrogen mixture the degree of fit was three. 
For that isenthalp a third degree polynomial gave an erroneous value of the 
zero-pressure Joule-Thomson coefficient which was less than coefficients of 
higher pressure on this isenthalp. This problem probably resulte from the 
gross extrapolation from 400 psia necessary to obtain a zero-pressure 
Joule-Thomson coefficient. The application of a fourth degree polynomial 
to this isenthalp resulted in a zero-pressure Joule-Thomson coefficient 
which corresponded to the remaining Joule-Thomson coefficients of that 
isenthalp and to the other zero-pressure Joule-Thomson coefficients of this 
mixture. 
As seen from the figures listed above the isenthalpic curves reflect the 
eh-pected behavior. The Joule-Thomson coefficients are positive and 
increase with decreasing temperature and pressure. They also increase 
with an increasing concentration of trifluoromethane. 
Predictions were then made of the Joule-Thomson coefficients of each 
isenthalp using the Martin-Hou equation of state. In order to predict 
Joule-Thomson coefficients it was necessary to know zero-pressure heat 
capacities of each mixture. Goff and Gratch fit experimental nitrogen 
data to temperature polynomials to obtain an expression within O.l•percent 
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accuracy. This was used to obtain nitrogen zero-pressure heat capacities. 
A cubic equation by Martin and Hou was used to predict the zero-pressure 
heat capacities of trifluoromethane to within 0.3 percent. These expressions 
are given in Table III. The zero-pressure heat capacities of each mixture 
were then comp~ted from the following relation: 
As seen in Table I the Martin-Hou equation of state is a pressure explicit 
equation. But in order to determine the heat capacity and corresponding· 
Joule-Thomson coefficient, it was necessary to know the specific volume 
of the mixture. The Newton iteration procedure, which utilizes an equation 
of the form, 
g(P,V,T) = f(V,T) - P 
was used to obtain the specific volume of each isenthalpic point of each 
mixture. Insertion of this volume into the expressions given in.Table I 
then gave the predicted values for the Joule-Thomson coefficient. 
Binary mixing rules of the form, 
have been employed to predict constants for equations of state for mixtures. 
The interaction coefficient K12 may be put in the following generalized 
torm: 
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A set of rules proposed by Piacintini was used in predicting Joule-Thomson 
coefficients fpr the 32.9 percent nitrogen mixture. For each pressure 
on each isenthalp the predicted value was less than the experimental 
value, this difference being as much as 75 percent at 1200 psia. Considerably 
better agreement was found using the mixing rules suggested by Balaban: 
N = 1 for Aij 
N = 2 for Bij Bij 
N = 1/3 for cij cij 
= A; + Aj 
2 
= 
(B2i + B2j)l/2 
2 1/2 
= 
(cl/3. + cl/3j )3 
l. 8 
Employing these mixing rules the predicted zero-pressure Joule-Thomson 
coefficients for the 32.9 percent nitrogen mixture ranged within one to 
four percent of the experimental values. With increases in pressure, this 
difference increased to a maximum of approximately twelve percent at 1200 
psia. All the predicted values of the zero-pressure Joule-Thomson 
coefficients of the 66.5 percent nitrogen mixture were within one percent 
of the experimental values. This difference also increased to a maximum 
of twelve percent at a pressure of 1200 psia. 
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Nitrogen: 
c0 = CeJ../g mole °K p 
T = °K 
Trifluoromethane: 
c0 = Cal./g mole °K p 
Ta OR 
Table III 
ZERO PRESSURE HEAT CAPACITY FOR 
NITROGEN AND TRIFLUOROMETHANE 
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CONCLUSIONS 
1. A closed .circulatine system employing the use of an isenthalpic expansion 
valve is an effective means of determining accurate, reproducible Joule-
Thomson co~fficients to pressures of 2400 psia and temperatures in the 
cryogenic region. 
2. If an equation of state accurately predicts the thermodynamic properties 
of pure gas components, it can be expected to predict the properties 
of mixtures of these components. 
3. Tne Martin-Hou equation of state is applicable in computing the Joule-
Thomson coefficients of nitrogen-trifluoromethane mixtures if the following 
mixing rules are applied: 
where: 
N = 1 for A·· lJ 
N = 2 for Bij 
N = 1/3 for cij 
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Table IV 
COMPARISON OF NITROGEN ISEIITHALP 
Stepkovitch Ahlert Din 
Inlet Temperature OK 297.04 297.oh 297.04 
'; 
Outlet J. T. Out.let J. T. Outlet J. T. \ 
Pressure Temperature Coefficient Ter.iperature Coefficient Temperature Coefficient 
atm OK ~K/atm OK ~K/atm OK ~K/at.m 
164.31 297.04 (;). Ol90 297. 01~ 0.096 297.04 0.09l 
123. 52 292.45 O.l30 292.54 O.l27 292.42 O.l33 
97.14 288.72 0.159 288.85 O.l52 28B. 58 0.160 
f\) 65.14 283.42 O.l9h 283.1~3 O.l88 282.98 O.l93 O> 
45.45 278.82 0.2l9 279.47 0.2l2 278.99 0.2l3 
31.46 275.75 0.236 276.1+4 0.23l 275.9l 0.227 
20.65 273.48 0.250 273.87 0.247 273.37 0.239 :; 
, 
-
12.37 271.09 0.260 27l.73 0.259 27l-34 0.251 
7.40 269.86 0.267 270.40 0.267 270.10 0.252 
o.oo 267.90 0.277 268.hl 0.278 268.23 0.260 
NOTE: Temperatures and Joule-Thomson Coefficients at zero pressure are estbnated. 
] 
' 
·.··r ':,··,. •... ·,·-,-..~"'.:,J . 
Table V 
,; 
i'. COMPARISON OF NITROGE:l'J ISEN'l'HALP 
Stepkovitch Ahlert Din 
Inlet Temperature OK 255.38 255.38 255.38 
Outlet J. T. Outlet J. T. Outlet J. T. 
Pressure Temperature Coefficient 'l'empera ture Coefficient Temperature· Coeff'icient 
atm OK ~K/atm OK °K/atm OK ~K/atm 
164.30 255.38 0.130 255.38 0.120 255.38 0.106 
124.51 249.59 0.171 22~9. 79 0.166 22~9. 66 0.176 
lll.43 247.07 0.188 22~7. 48 0.185 247.29 0.199 
90.83 242.94 0.217 243. 32 0.218 242.92 0.235 
N 73.65 238.80 0.249 239.30 o.2h9 238.61 0.265 \0 
55.66 234.h5 0.282 234.53 0.285 233.46 0.296 
38.77 229.22 0.319 229.51 0.322 228.l9 0.325 
28.44 225.62 0.343 225.90 0.346 224.75 0.343 
16.68 22i.56 o.37i 221.71 0.375 220. 62} 0.364 
7.21 217.83 0.396 218.07 
_0.399 217.15 0.380 ,':l 
0.00 214.95 o.1a5 215.12 0.1~18 214.33 0.392 ' -~ 
NOTE: Temperatures and Joule-Thomson Ca..~fficients at zero pressure are estimated. 
- ... ~ '". -:...:~- .. 
. -· ., . ..:. ·,-· -:_. 
Table VI 
COEFFICIENTS AND VARIANCES FOR NITROGEN ISEI'lTHALP POLYNOMIALS 
Isenthalp 
C x 102 D x 103 X 108 ' . Temperature °K Source A Bx 10 Variance 
!-' 
T = 297.04 Stepkovitch 2.12532 0.73685 -0.59984 0.12562 l.7 
Ahlert 2.12925 0,73839 -0.70098 0.28366 3.2 
Din 2.12776 0.68973 -o.45727 ------- 3,4 
w 
0 
T = 255.38 Stepkovitch 1.7058~ 1.10269 -1.19675 0,57797 5,1 
Ahlert l. 70646 l.11037 -l.19326 0.52418 9.3 
Din l. 70024 l. 04171 -0.76406 -0.01460 17.0 
·. ····•' 
; 
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! 
Pressure 
'i 
0 
20.28 
'.i 
27.22 
33,62 
40.56 
.- 47,50 '\ 
., 
54,57 
61.38 
67,71 
74,92 
·-:, 
" 
' 81.65 
0 
'!) 27.22 
'·/ 
;:: 
,'4 34.02 
\'.-:'' 
1: 
,· 
J 
f.' 40.76 i !, 
.r ' 47,77 
54.37 
61.24 
Table VII 
JOULE-THOMSON COEFFICIENTS 
32,9 percent N2 
Pressure - atm 
Temperature - °K 
Temperature 
231.08 
249.57 
256.98 
262.65 
268.55 
275,05 
280.89 
286.10 
290.68 
295.61 
299.16 
248.23 
274.21 
280.45 
286,52 
292.28 
297.28 
301.91 
32 
A 
l 
1.395 
1.076 
0.974 
0.917 
0.875 
o.843 
0.811 
0.768 
0.709 
0.608 
0,572 
1.138 
0.969 
0.911 
0.852 
0.790 
0,730 
o.666 
! : 
' I •> 
, I 
:,! 
~ 
:r 
Pressure 
68.05 
81.65 
0 
20.78 
27.22 
34.16 
47.63 
54.71 
61.44 
68.05 
74.92 
81.65 
Table VII (Cont'd) 
Temperature 
306.32 
313.66 
261.76 
280.51 
286.88 
292.58 
302.91 
308.03 
312.38 
316.25 
319.83 
323.16 
33 
+-
0.602 
0.525 
1.021 
0.911 
o.866 
0.819 
0.722 
o.668 
0.616 
0.565 
0.512 
o.46o 
.~-. ?. -. ' 
Pressure 
0 
13.95 
20.41 
27.22 
' 
., 
34.02 
40.83 
47.63 
" 
54.44 
61.31 
68.11 
74.92 
81.65 
,• 
·' 
0 
6.81 
1·· 13.61 ,, ~ 
f' 
20.41 
27.22 
33.96 
---·-- .. ----·-
__ ... I 
Table VIII 
JOULE-THOMSON COEFFICIENTS 
66. 5 percent N2 
Pressure - atm 
Temperature - °K 
Temnerature 
229.58 
231.08 
236.74 
242.08 
247.18 
251. 87 
256.10 
260.01 
263.79 
267.10 
270.03 
273.16 
256.92 
261.62 
266.25 
270.25 
274.25 
278.12 
34 
"""' ,··'"• 
4-
1.058 
0.902 
o.835 
0.110 
0.710 
o.654 
0.603 
0.556 
0.510 
o.476 
o.443 
o.415 
0.734 
o.686 
o.642 . 
0.600 
0.563 
0.529 
,_-.,_···, .. --~- -
1 f··· 
' I I 
I. Table VIII (Cont'd) 
ii 
f:· 
I, 
Pressure Temperature + 
40.83 281. 57 o.498 
47.77 284.89 o.410 
54.44 288.01 o.447 
61.24 290.83 o.425 
61.11 293.65 o.408 
74.85 296.41 0.394 
81.66 299.16 0.383 
0 276.97 0.592 
6.81 280.87 0.569 
13.61 284.69 0.545 
20.48 288.58 0.522 
27.35 291.79 o.498 
; 
34.02 295.03 o.474 
40.83 298.27 o.450 
i\ 47.63 301. 30 o.426 r 
54.57 304.14 o.4oo 
61.24 306.74 0.377 
., 
' 1 
c/ 
,, 
'/ 68.05 309.24 0.351 
f. 74.85 311.49 0.326 
81.65 313.66 0.302 
I ! 
' ' 
I;':> j ' 
I 
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Table VIII (Cont'd) 
I 
I 
'., 
i.' t-Pressure Temperature 
0 290.80 0.542 
6.81 294.55 0.515 
13.61 298.11 o.489 
20.41 301.32 o.465 
27.22 304.40 o.441 
,,, 
34.02 307.13 o.419 
40.83 310.02 0.398 
; 312.86 
' 
47.70 0.379 
54.57 315.27 0.360 
61.17 317.59 0.343 
'r. 
·J 
68.05 319.91 0.327 
74.85 322.04 0.312 
I' 
, 
' 324.16 ', 81.65 0.297 
. ~. I . 
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Table IX 
COMPUTED JOULE-THOMSON COEFFICIENTS, °K/ATM 
Pressure 
0 
300 
400 
500 
600 
700 
800 
900 
1000 
1100 
1200 
0 
400 
500 
600 
700 
800 
900 
1000 
32.9 percent N2 
Pressure - psia 
Temperature - OK 
Temperature 
231.08 
249.57 
256.98 
262.65 
268.55 
275.05 
280.89 
286.10 
290.68 
295.61 
299.16 
248.23 
274.21 
280.45 
286.52 
292.28 
297.28 
301.91 
306.32 
38 
4-
1.337 
1.146 
1.090 
1.047 
0.994 
0.928 
0.863 
0.801 
0.746 
0.687 
o.64o 
1.121 
0.923 
0.881 
0.835 
0.788 
0.744 
0.700 
0.657 
---~ c...u -
_,, 
• I 
I 
\ t·· 
, I 
J 
: ,) 
} 
} 
... 
, .. 
' 
) 
:t 
.j 
Pressure 
1200 
0 
300 
400 
500 
700 
800 
1000 
1100 
1200 
Table IX (Cont'd) 
Temperature 
-4-
313.66 0.579 
261.76 1.001 
280.51 0.863 
286.88 0.826 
292.58 0.792 
302.91 0.720 
308.03 0.680 
316.25 0.609 
319.83 0.575 
323.16 0.543 
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Table X 
COMPUTED JOULE-THOMSON COEFFICIENTS, °K/ATM 
I 
Pressure 
0 
200 
300 
400 
500 
600 
700 
800 
900 
1000 
1100 
1200 
0 
100 
200 
300 
400 
500 
600 
700 
800 
66. 5 percent N2 
Pressure - psia 
Temperature - °K 
Temperature 
229.58 
231.08 
236.74 
' 
242.08 
247.18 
251.87 
256.10 
260.01 
263,79 
267.10 
270.03 
273.16 
256.92 
261.62 
266.25 
270.25 
274.25 
278.12 
281.57 
284.89 
288.01 
40 
-1-
1.041 
0.891 
0.835 
0.783 
0.733 
o.686 
o.643 
0.602 · 
0.563 
0.527 
o.495 
o.464 
0.728 
0.685 
0.655 
0.627 
0.599 
0.571 
0.544 
0.517 
o.492 
i' 
I, 
' ... .. ·-· .. ·····-··-·-·· 
Table X (Cont'd) 
,( 
t Pressure Temperature 
Ot7 ,/ 900 290.83 
1000 293.65 o.419 
') 1200 299.16 0.397 
0 276.97 0.593 
100 280.87 0.572 
i : 200 284.69 0.550 
' 300 288.58 0.527 
'~ 400 291. 79 0.507 J 
··~ 
500 295.03 o.486 
600 298.27 o.464 
700 301.30 o.443 
i .:_~ 800 304.14 o.422 
900 306.74 o.403 
1000 309.24 0.384 
1100 311.49 0.366 
1200 313.66 0.349 
\ 
j 
0 290.80 0.541 
100 294.55 0.520 
-- . - '. - -
200 298.11 0.520 
300 301.32 o.483 
,, 304.40 o.465 :, 400 
, .. 
500 307.13 o.447 
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Table X (Cont'd) 
Pressure Temperature 
t29 600 310.02 
700 312.86 o.410 
800 315.27 0.393 
900 317. 59 0.376 
fi 1000 319.91 0.359 
:1 
1100 322.04 0.343 
,, 1200 324.16 0.327 
', 
. <· 
,,: 
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Figure III 
EXPERIMENTAL NITROGEN ISENTHALP 
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EXPERIMENTAL NITROGEN ISENTHALP 
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EXPERIMENTAL NITROGEN-TRIFLUOROMETHANE ISENTHALP 
Composition: 32.9% Nitrogen 67.1% Trifluoromethane 
400 600 800 1000 1200 
Pressure in psia 
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/ EXPERIMENTAL NITROGEN-TRIFLUOROMETHANE ISENTHALP 
Composition: 32.9% Nitrogen 67.1% Trifluoromethane 
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Figure VII 
p XPERIMENTAL NITROGEN-TRIFLUOROMETHANE ISENTHALP 
I 
Composition: 32. 9% Nitrogen . 67.1% Trifluoromethane 
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Figure VIII 
EXPERIMENTAL NITROGEN-TRIFLUOROMETHANE ISENTHALP 
Composition: 66.5% Nitrogen 33.5% Trifluoromethane 
400 600 
Pressure in psia 
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Figure IX 
EXPERIMENTAL NITROGEN-TRIFLUOROMETHANE ISENT"nALP 
Composition: 66.5% Nitrogen 33,5% Trifluoromethane 
400 600 
Pressure in psia 
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Figure X 
EXPERIMENTAL NITROGEN-TRIFLUOROMETHANE ISENTHALP 
66.5% Nitrogen 
33.5% Trifluoromethane Composition: 
400 600 800 1000 
Pressure in psia 
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Figure XI 
EXPERIMENTAL NITROGEN-TRIFLUOROMETHANE ISENTHALP 
Composition: 66.5% Nitrogen 33.5% Trifluoromethane 
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DERIVATION OF HEAT-CAPACITY AND ,TOULE-THOMSON COEFFICIENT EXPRESSIOflS 
FROM MARTIN-HOU EQUATION OF STATE 
RT p =- + V-b 
A3 + B3T + C/ 
(V-b) 3 
+ 
+ 
A4 + B4T + c4e 
(V-b) 4 
The heat capacity at any pressure is defined by the followins equation: 
T(dP) 2 
C = co - R - dT y 
p p (dP) 
dV T 
The derivatives of the Martin-Hou equation are: 
(d2p0 : dT2 
V 
KT KT 
Kc3 - Tc B - -e 3 T · 
+ C 
(V-b) 3 
KT 
KC. - ~ 
1 5 B. - - e 
= L 1 Tc 
i = 1 (V-b)i 
KT KT 
-T -T 
KT 
KC -T 4 C 
B4 - - e + Tc + 
(V-b) 4 
- KT 
-K2 K2 K2 C C T 
-
c2e 2c/ 2C4e C T 2 T 
C 
(V-b) 2 
• 
T 
C 
+ 
( V-b) 3 
KT 
K2 - ~ 
- 2 C.e 5 T l LC . 
i = 2 (V-b) 1 
C 
+ + 
(V-b) 4 
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( 1) 
( 2) 
( 3) 
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-
- .. 
-
I j 
,l 
J 
'j 
' 
1 
.i 
I 
I j 
KT 
-T 
4(A4 + B4T + c4e c) 
(V-b) 5 
Substitution of equations (2), (3), and (4) into (1) and integration 
yields the following expression for the heat capacity: 
KT KT 
--
K2 - Tc 
- 2 C.e T l 
C 
[ 
5 Bi _ ~ e Tc J 2 
5 
(4) 
T ~ (V-b)2 
C = C0 - R + --------------p p KT 
-T 
+ T L._ 
i = 2 (1 - i)(V-b)1 - i 
5 i(A. + B.T + C.e c) ~ l l l 
f;-j_ (V-b)i + 1 
The Joule-Thomson coefficient is defined by the following expression: 
But: 
( 5) 
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Substitution of equations (2) and (4) into (5) yield the following 
expression for the Joule-Thomson coefficient: 
KT 
KC. - T 
1 C 
RT T 5-_ Bi - T e 
-V-b + 2.._ ------. --i = 2 (V-b)l 
C =--------------------~ p KT - V 
-T 
C 
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